The influence of different heat treatments on the protein aggregates and changes in gelation properties of rennet-induced milk gels were investigated. In the heated milk, a visible difference in milk serum proteins was found resulting from the formation of protein aggregates. Meanwhile, the size of protein aggregates increased from 25 to 170 nm with increasing the intensity of heat treatment. Furthermore, the differences in textural variables of rennet gels were found among the heat treatments using the principal component analysis.
INTRODUCTION
Whey is produced as byproduct in the cheese industry. It is a complex mixture of different proteins. In general, the main components include β-lactoglobulin (~55%) and α-lactalbumin (~24%). [1] The protein-rich whey was considered a waste product suitable only for livestock feed or dumping into rivers aggravating environmental problems. [2] Whey proteins may be retained by heat treatment and other technologies, such as ultra-filtration and high pressure processing. [3, 4] However, the negative effects of integrating whey protein such as on the development of proteolysis in cheddar cheese and on the reduced melting and stretching properties in mozzarella cheese made attempts to commercialize these cheeses between 1980 to 1989 unsuccessful. [5] It was found that heat treatment (at 72°C for 5 min) affected the sensory and chemical properties of urfa cheese. [6] Most studies were also performed to reduce the drawbacks such as by pH control and by optimization for production. [7] [8] [9] [10] [11] On the other hand, the whey protein-enriched cheese manufacture found applications in cheese that are consumed fresh as well as some soft ripened cheese varieties. [12] When whey proteins are integrated into these cheeses, this not only improves the nutrient value and yield, but also causes changes to functional properties. [3] In many cheese plants, the heat treatment has been selected to retain whey proteins for economic reason. Furthermore, the heat treatment of cheese milk above typical pasteurization conditions results in changes in the body, texture, and other properties that are found in traditional cheeses. [13, 14] Textural properties of rennet gels are important for controlling subsequent processing conditions and for determining the consumer acceptability of a final product. Textural properties are influenced not only by the native milk properties, such as proteins, fat, and native pH, but also by the heat processing conditions. [15] Heat treatment may increase the shear storage modulus and the curd firming rates. [16] The denatured whey proteins can be incorporated into milk curd, resulting in a higher yield, and the interactions of whey proteins with casein micelles interfere with the rennet coagulation process, resulting in weak curd structures. [13] Although many investigations have been focused on the effects of heat treatment on the textural properties of traditional cheese products, there is little information on the heat-induced textural changes in rennet gels for the purpose of controlling the process of production and developing different cheese varieties.
The sensory characteristics of cheese seem to be the main obstacle to some customers, especially in East Asia. [17] By improving the taste or expanding the product categories, this problem could be advantageously solved. The present research aims to assess the textural properties of rennet gel for supervising the optimization of pretreatment and predicting the final products as an assisting indicator. Furthermore, the protein aggregates and their sizes were also preliminarily evaluated.
MATERIALS AND METHODS

Heat Treatments
Raw milk (RM) was heated as described by Alloggio et al. [18] with the following modifications; the milk was dispensed into test tubes (Ф10 × 150 mm) in 10-mL aliquots. The tubes were immersed in a boiling water bath until the desired temperature (70, 80, or 90°C) was reached, and then transferred rapidly to a stirred water bath at the desired temperature and held for 2, 5, and 8 min, respectively. Finally, the milk was cooled to an ambient temperature by immersing the test tubes in a stirred water bath at 0-4°C.
Preparation of Serum
This pretreatment was performed using the method established by Guyomarc'h et al. [19] Briefly, the heated milk was centrifuged (4500 × g, 4°C) for 20 min to collect the skimmed milk. A second centrifugation (25,000 × g) at 4°C for 1 h was used to further clarify the sample. The supernatant was filtered through a 0.22 μm membrane filter (Millipore Corporation, USA) for size exclusion chromatography (SEC) and dynamic light scanning (DLS) analysis.
SEC
The SEC was performed according to the method of Sandra and Dalgleish. [20] A chromatography system (ÄKTApurifier, GE, USA) equipped with a 2.0 mL sample loop and an ultra violet detector (280 nm) was used. The column was a Pharmacia XK-16 column packed with Sephacryl S-500 High Resolution gel (GE, USA). The mobile phase was 20 mM Tris-HCl buffer (pH 7.0) containing 0.02% (w/v) NaN 3 . The flow rate was set at 1.0 mL/min and a 180 min run was performed for each sample.
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) Analysis
The SDS-PAGE was performed on some selected fractions separated by SEC. The stacking gel (5%) and separating gel (12.5%) were used on a Mini-Protean Tetra Electrophoresis System (Bio-Rad Laboratories, Hercules, CA, USA). The gels were stained with Coomassie blue R250.
DLS
The DLS analysis was performed using a particle size analyzer (ZetaPLAS, Brookhaven Instruments Corporation, USA) according to the method of Beliciu and Moraru [21] with the following modifications. The particle size measurements were conducted at constant temperature of 25°C with a wavelength of 660 nm. No any dilution was used before the DLS analysis. The multimodal size distribution (MSD) was analyzed with the software packages of ZetaPlus Particle Sizing Software Version 3.83.
Preparation of Rennet Gel
The rennet gel of heated milk was performed in a beaker (Ф65 × 100 mm). In details, the heated milk was tempered at 30°C for 2 h using a water bath. Commercial calf rennet (Naturen, Chr. Hansen's Laboratory, Germany) was added to reach a final rennet concentration of 0.2 g/L. The milk sample (80 mL) was sealed and placed at 30°C for coagulation (4 h). The coagulated sample was stored at 4-6°C until analyzed (~2 h).
Instrumental Textural Profile Analysis (TPA) of Gels
Both the undisturbed gel and the homogeneous stirred gel were analyzed on a texture analyzer (TA.XT.plus, Stable Micro Systems Ltd, UK) with a 5 kg load cell. The stirred gel was prepared by stirring the undisturbed gel with a stirrer at 100 rpm for 15 min, and a 15-min equilibration period was elapsed before measurements. The measurements were conducted at 4-6°C using a 35-mm diameter perspex probe. The test speed was set to 1.0 mm/s for a distance of 10.0 mm. Hardness (Har), adhesiveness (Adh), springiness (Spr), cohesiveness (Coh), chewiness (Che), gumminess (Gum), and resilience (Res) were recorded using the TPA macro in software program called Texture Expert Excede Version 1.0 (Stable Micro Systems Software).
Water Holding Capacity (WHC) and Cheese Curd Yield (CCY)
WHC and CCYof rennet gel were estimated as described by Pandey et al. [22] and by Macheboeuf et al. [23] Microstructure of Curd
The rennet gel was centrifuged at 13,500 × g for 15 min (4°C). The microstructure of curd was observed by scanning electron microscope (SEM) according to the method of Serrano et al. [24] Statistical Analysis
All the analysis mentioned above were performed in triplicate. Experimental data were statistically analyzed using PASW Statistics 18.0 Software (SPSS Inc, USA). One-way analysis of variance (ANOVA) using the least significant difference (LSD) test (p < 0.05) was applied to examine the effect of the heat treatments. The principal component analysis (PCA) was applied for dimensionality reduction. The components where the eigenvalue was greater than 1 were used. The regression analysis was carried out for model building. Figure 1 shows the typical elution profiles of milk serum proteins. Note that the heat treatments were simplified as temperature/time (hereinafter the same). Milk proteins and aggregates were eluted successively from large to small by the size of molecule, i.e., fat or casein residues, protein aggregates, polymers of whey proteins, and whey proteins. [19, 25] Moreover, the large and small whey proteins can be distinguished in the profiles of SEC.
RESULTS AND DISCUSSION
Evaluation of Milk Protein Aggregates
In contrast to that of RM, the profiles of the SEC elution from the heated milk showed large changes. The elution fragment (~105 min), composed of main whey proteins, β-lactoglobulin (18 kDa) and α-lactoalbumin (14 kDa; lanes 6 and 7 in Fig. 2a and 2b) , decreased in absorbance due to the denaturation and aggregation of the whey proteins. Therefore, the elution fragment (from~65 to~88 min), used as the indicator of the serum protein aggregates (shown in lanes 3, 4, and 5 of Fig. 2) , increased with the increasing intensity of heat treatment. The finding is in agreement with the studies of Guyomarc'h et al. [19] on heated milk, and Angel and Dalgleish [26] on reconstituted skim milk powder.
For the same heating time, clear differences in protein aggregates and whey proteins could be observed among the obvious heat treatments, i.e., 70, 80, and 90°C (Fig. 2) . As we know, the heat treatment of milk above 60°C leads to the denaturation of the whey proteins, resulting in their interaction with each other and with κ-casein to form heat-induced serum and micelle-bound protein aggregates, respectively, in the serum phase of milk, and on the surface of the casein 
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micelles. [27, 28] In our study, the level of whey proteins showed a large change between RM and the heated milk, especially in those above 80°C. Meanwhile, the visible difference was also found in the protein aggregates.
To better observe, at the molecular level, the changes occurring to the hydrodynamic size of the protein aggregates, DLS was also employed. Figure 3 shows the typical profiles of MSD as affected by the heat treatments. In RM, no protein aggregates but whey proteins (<2 nm) were found in MSD. When milk was heated, the protein aggregates were produced in the different sizes. Angel and Dalgleish [26] isolated the whey protein/κ-casein aggregates with SEC and detected their size in elute (50-110 nm). For the first time, in milk serum, we report the sizes distributions of protein aggregates with DLS and observe their differences due to the heat treatments. Altogether, the size of protein aggregates increased from 25 to 170 nm (30-140 nm, mainly) with increasing the intensity of heat treatment.
Casein micelles has been described as an adhesive hard sphere particle. [29, 30] The extended brush-like κ-casein layer on the micelles causes colloidal stability mostly due to steric repulsion, and the hydrolysis of the polyelectrolyte brush causes destabilization making the micelles sticky spheres. [30] The denatured whey proteins due to heat treatment can react with κ-casein and then cause the destabilization of protein matrix.
Textural Properties of Gels
The textural variables were acquired to assess the texture of the undisturbed gels (Table 1) and homogeneously stirred gels ( Table 2 ). The undisturbed gel from heated milk had the lower Har, Adh, Spr, Gum, and Che than those of RM. Only the treatments of 80/8 and 90/8 significantly increased Coh of the undisturbed gel (p < 0.05) compared to that of RM. Changes of Res were not clear among the heated and unheated gels. On the other hand, the stirred gel from heated milk had the lower Har, Adh, Gum, and Che, and higher Spr, Coh, and Res than that of RM.
The heating temperature, time, or their combinations significantly influenced the textural variables excluding the effect of temperature on Res of the undisturbed gel (Tables 1 and 2 ), but the trends of changes in these variables among obvious heat treatments were not clear. In spite of that, the direction of these changes was more clearly seen through PCA (Fig. 4 ) that is explained 
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LI AND WANG below. The stirring process changed the texture of rennet gel. When the gel was stirred, Har, Adh, Gum, and Che greatly decreased, and Coh highly increased. Also, the stirring process highly increased Res (from 0.027-0.051 to 0.188-0.395), and slightly increased Spr (from 0.788-0.832 to 0.848-0.890) in the heated samples. In the meantime, the slight decreases of Spr and Res were found in the RM samples.
If a food has lower Adh compared with Coh, then the probe is likely to remain clean, [31] i.e., the food has the ability to hold together. The higher ratios of Adh to Coh were found in the undisturbed Comparison of these heat treatments is illustrated in the PCA diagram (cumulative variance explained = 92.65%) for the undisturbed gels (Fig. 4) . This diagram showed the distinctive position of the RM sample because of its relatively high Har, Adh, Spr, Gum, and Che compared to the heated samples. The samples of 90/8, 80/8, 90/5, and 90/2 showed clear difference in Coh compared with the rest of the samples in which much similar Coh was found. Likewise, the samples of 90/8, 80/8, and 90/5 showed clear difference in Res compared to the rest of the samples. Figure 5 shows PCA on the textural variables of the stirred gels. Only one principal component (PC; the variance explained = 90.11%) was produced to distinguish the heat treatments. A distinctive difference between RM and the heated milk was found. Totally, the clear trends were observed with the increasing intensity of heat treatments up to the treatment of 80/2 in the both gels.
WHC and CCY Figure 6 shows the effects of heat on WHC and CCY of rennet gel. WHC and CCY obtained from the heated milk were significantly greater than those of RM. Increasing the intensity of heat treatment from 70/2 to 90/8 increased WHC by 4.4 to 27.1% (Fig. 6a ) compared with RM, and increased CCY by 2.6 to 22.3% (Fig. 6b ).
WHC of rennet gel is important parameters in the cheese-making process and affects parameters such as yield, moisture content, and textural attributes. [20] WHC and CCY had a close relationship (r = 0.991). The latter was always used for the preliminary evaluation on the yield of cheese (CY). [4, 32] The great increase of CCY was found in the treatments of 80°C. Increasing the temperature of heat treatment from 70 to 80°C increased CCY by 2.6-7.8 to 15.9-21.0% compared with RM.
To access the effects of heat, the CCY equations of rennet gel were estimated using stepwise regression analysis with the parameters of heat treatment (temperature, Kelvin; time, min). The following equations were derived from individual components or a combination of two components. 
CCY ¼ À0:335 þ 0:002 temperature þ 0:001time R 2 ¼ 0:853 À Á (3) 
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The temperature of heat treatment showed a relatively strong correlation with CCY. When the temperature and time were incorporated into Eq. (3), the correlation between the heat treatment and CCY increased (from 0.794 to 0.853). Therefore, CCY depends on the combination of temperature and time of heat treatment.
The regression analysis of CCY with the parameters of the PCs from textural variables was carried out to build a statistical model between CCY of rennet gels and their textural property. In the undisturbed gel, the following correlations were built with the PCs (PC1 and PC2, standardized values). CCY ¼ 0:222 À 0:014 PC1 R 2 ¼ 0:760 À Á (4) When PC2 was account into Eq. (6), the correlation between the textural property of gels and their CCY increased slightly. In the stirred gel, the only PC (standardized values) was used to build the following correlation. CCY ¼ 0:222 À 0:014 PC R 2 ¼ 0:728 À Á
Thus, the Eq. (6) and Eq. (7) for the undisturbed and stirred gel, respectively, could predict CCY with relatively high accuracy. Usually, the predictive equations for CCY have evolved from compositions of milk, moisture, and salt in cheese and whey solids as separate factors. [33] Application of the attributes of cheese would delay these predictions. Also, heat treatment has a positive effect on CCY due to increased moisture content and more effective recovery of whey proteins. [34] Although the use of heat (or texture) parameters alone is hard to predict CCY, it would be a significant attempt for substituting the moisture content in cheese with these parameters under a given production process.
Microstructure of Curd
Even though changes in milk proteins and the texture of gels were observed as a result of heat treatments, the results of SEM did not show obvious differences in the microstructure of cheese curd among the heat treatments. As shown in Fig. 7 , fat globules were largely spherical in shape
